With eukaryotic non-coding RNAs (ncRNAs) now established as critical regulators of cellular transcription, the true diversity with which they can elicit biological effects is beginning to be appreciated. Two ncRNAs, mouse B2 RNA and human Alu RNA, have been found to repress mRNA transcription in response to heat shock. They do so by binding directly to RNA polymerase II, assembling into complexes on promoter DNA, and disrupting contacts between the polymerase and the DNA. Such a mechanism of repression had not previously been observed for a eukaryotic ncRNA; however, there are examples of eukaryotic protein domains that repress transcription by blocking essential protein-DNA interactions. Comparing the mechanism of transcriptional repression utilized by these protein domains to that used by B2 and Alu RNAs raises intriguing questions regarding transcriptional control, and how B2 and Alu RNAs might themselves be regulated.
Within the past several years a rising number of non-coding RNAs (ncRNAs) have been found to function as regulators of RNA polymerase II (Pol II) transcription. Although ncRNAs have long been recognized as central participants in controlling other stages of gene expression, such as mRNA splicing and translation, their emergence as direct regulators of mRNA transcription is still relatively novel. ncRNA regulators of mRNA transcription can be loosely categorized into two groups: those that facilitate chromatin modifications and those that control the activity of a transcription factor. 1 Of the ncRNAs in the latter category (e.g. those that bind to transcriptional activators, coactivators, or the general transcription machinery), it is of particular interest that they do so via diverse mechanisms, and function in diverse biological systems. This suggests that we only understand a small subset of the ncRNA transcriptional regulators that likely exist in eukaryotic cells. The realization that much of the genome is transcribed 2, 3 only bolsters this postulation.
For a subset of eukaryotic ncRNA transcriptional regulators, biochemical experiments have revealed detailed mechanisms by which they function. This is true of two ncRNAs, mouse B2 RNA and human Alu RNA, which we have found to use a common mechanism to repress transcription, involving direct binding of the ncRNAs to Pol II. [4] [5] [6] Here we will compare the mechanism of transcriptional repression employed by B2 and Alu RNAs to mechanisms used by protein domains in two multi-subunit eukaryotic general transcriptional factors, SNAPc and TFIID. Drawing these comparisons raises several intriguing questions regarding transcriptional control and how B2 and Alu RNAs might themselves be regulated.
Mouse B2 RNA and human Alu RNA are transcribed as discrete transcripts by RNA polymerase III (Pol III) from short interspersed elements (SINEs) that are widely abundant within their respective genomes. 7 B2 RNA is approximately 180 nt in length, and Alu RNA is approximately 280 nt in length. Upon cellular stress, such as heat shock, the abundance of B2 and Alu RNAs sharply increases in mouse and human cells, respectively. 8, 9 Our lab has shown that in response to heat shock, B2 RNA and Alu RNA bind to Pol II and repress transcription of several protein encoding genes (Figure 1 ). [4] [5] [6] This repression is in contrast to the activation of heat shock stimulated genes, such as hsp70. These are the first examples of mammalian ncRNAs that bind to Pol II, and their roles as transcriptional repressors provide a biological function for SINEs, which have historically been considered junk DNA.
We have studied the mechanism by which B2 RNA and Alu RNA function as transcriptional repressors, taking advantage of a highly purified, reconstituted Pol II transcription system. These experiments revealed that B2 RNA and Alu RNA bind directly to core Pol II with high affinity (K D < 2 nM), and that these complexes are kinetically stable (t 1/2 > 1 hr). 5, 6 Interestingly, the association of B2 RNA or Alu RNA with Pol II does not block the assembly of the polymerase into complexes at promoter DNA. Rather, B2 RNA and Alu RNA can incorporate along with Pol II and general transcription factors into complexes on DNA. 5, 6 These complexes are transcriptionally inert due to the presence of the ncRNA. Although this mechanism of repression was initially revealed by in vitro biochemical experiments, it has since been corroborated by cell based studies. In heat shocked mouse or human cells, B2 RNA or Alu RNA are found with Pol II at the promoters of transcriptionally repressed genes. 6 We have explored in greater detail precisely how B2 RNA and Alu RNA prevent transcription from occurring once they assemble into complexes at promoters by studying the network of protein-DNA interactions that occur within these complexes. We found that in inhibited complexes on promoter DNA, B2 RNA and Alu RNA disrupted contacts between Pol II and the DNA throughout the core promoter. 10 First, the ncRNAs eliminated the crosslinking typically observed between promoter DNA and Pol II in preinitiation complexes. Interestingly, however, crosslinking between promoter DNA and the general transcription factor IIB (TFIIB) was enhanced by the presence of B2 RNA and Alu RNA, suggesting that the presence of a repressor ncRNA alters the conformation of complexes. Second, in DNase I footprinting experiments, the presence of B2 RNA or Alu RNA eliminated nearly all the protection that is ascribed to Pol II in preinitiation complexes, while protections and enhancements due to the TATA binding protein (TBP) and TFIIB were maintained. 10 Together these experiments support a model for transcriptional repression in which B2 RNA and Alu RNA enter assembling complexes at promoters and prevent Pol II from properly engaging the DNA, thereby altering the conformation of complexes and blocking RNA synthesis ( Figure 1 ). Pol II is likely held on the DNA within these inactive complexes through its interactions with promoter-bound TBP and TFIIB.
This mechanism for repressing eukaryotic transcription by ncRNAs is unique; however, analogies can be drawn to proteins that block DNA binding events in order to regulate eukaryotic transcription. For example, the transcription factor SNAPc (snRNA activating protein complex) is regulated by a protein domain that blocks DNA binding ( Figure 2A ). 11 SNAPc is a transcription factor composed of five protein subunits that binds to an element in Pol II and Pol III snRNA promoters. 12 A partial SNAPc complex that lacked both the Cterminal region of the SNAP190 subunit and the SNAP45 subunit bound DNA much more efficiently than the complete SNAPc complex. 11 This suggested that the C-terminal region of SNAP190 and/or SNAP45 serve as an internal damper to repress DNA binding by SNAPc. Interestingly, the C-terminal region of SNAPc binds directly to the transcriptional activator Oct-1. 13 Oct-1 binding to the C-terminal region of SNAP190 allows the SNAPc complex to properly bind DNA, thus Oct-1 relieves the repression caused by the internal damper within SNAPc. 11 Similar to the SNAPc example is the general transcription factor TFIID, which also contains a subunit that dampens the ability of TFIID to bind DNA. TFIID is a large complex consisting of TBP, which binds to TATA boxes, and 13 TAFs (TBP associated factors), which can associate with other core promoter elements. 14 TFIID nucleates Pol II preinitiation complex formation at the promoters of genes. The N-terminus of TAF1 has been shown to interact with the DNA-binding surface of TBP, thereby repressing DNA binding by TFIID ( Figure 2B ). 15, 16 Other factors have been shown to interact with TFIID to de-repress the TAF1-mediated inhibition of TBP-DNA binding (albeit by different mechanisms); these factors include transcription factor IIA (TFIIA) 17, 18 , the transcriptional activator cJun, 19, 20 and the acidic activation domain of viral protein 16 (VP16). 21 Parallels can be drawn between the internal dampers of DNA binding in SNAPc and TFIID, and the ncRNA repressors B2 RNA and Alu RNA. B2 and Alu RNAs act similarly to the Cterminal region of SNAP190 and/or SNAP45 and the N-terminal region of TAF1 -they all prevent a multi-protein complex from binding DNA, thereby repressing transcription. In the case of TAF1, structural data has provided clarity on the mechanism by which this occurs. A solution structure showed that the N-terminal region of TAF1 folds in a manner that loosely mimics the surface of TATA DNA, thereby allowing TAF1 to occupy the concave DNAbinding surface of TBP. 22 Exactly how the internal damper in SNAPc elicits its effects is not known 11 ; two possible mechanisms include: competing with DNA binding by interacting with the surface of SNAPc that binds DNA, or causing a conformational change within SNAPc that occludes DNA binding. As for B2 and Alu RNA, both of these mechanisms are also possible; however, we favor the former mechanism (i.e. the ncRNAs bind Pol II in a manner that blocks DNA binding). Although we do not know precisely where on Pol II these ncRNAs bind, insight can be obtained from a crystal structure of yeast Pol II bound to a synthetic RNA aptamer (named Fc) that represses transcription. 23 The Fc aptamer occupies the DNA binding cleft of Pol II in a manner that would preclude the template DNA strand from entering the cleft. Our data are consistent with the regions of B2 RNA and Alu RNA that mediate transcriptional repression (named repression domains) interacting with the DNA cleft of Pol II in a mode similar to the synthetic Fc aptamer. 10, 24 Presuming this is the case, then B2 RNA and Alu RNA repression domains interact with Pol II much like the TAF1 subunit of TFIID interacts with TBP (i.e. to the DNA binding surface), thereby competing with DNA binding. Perhaps this manner of binding -masking a functional region on TFIID or Pol II as opposed to binding to an outside surface and inducing an overall conformational change -allows TAF1 and B2/Alu RNA to meet with the most success as negative regulators.
Drawing parallels between the aforementioned protein domains and B2 and Alu RNAs provides a framework for contemplating whether their similar mechanisms of regulation extend beyond controlling transcription of genes. In the case of SNAPc, it was proposed that the internal damper might prevent it from associating with non-specific sites in the genome -especially important because this factor does not exhibit strong sequence specificity for binding DNA, but dissociates from DNA slowly. 11 Analogous properties have been observed with TBP alone (i.e. stable association with non-specific DNA). 25 Hence, in the TFIID complex, the N-terminus of TAF1 could refine the DNA accessibility of its TBP subunit. [15] [16] [17] [18] Therefore, in both cases the inhibitory protein domains may prevent the transcription factors from binding indiscriminately to DNA. Perhaps non-specific DNA binding by Pol II can also be controlled by molecules that bind in its DNA cleft; ncRNAs could play this role and prevent non-productive interactions between the polymerase and the genome from occurring. Because we know that B2 RNA and Alu RNA can prevent Pol II from engaging the promoter at repressed genes during heat shock, these ncRNAs could serve in general to limit the access of Pol II to DNA under conditions of cellular stress. Moreover, it is conceivable that unidentified ncRNAs bind the cleft to generally prevent non-specific polymerase-genome interactions.
When drawing comparisons between eukaryotic ncRNA transcriptional repressors and protein domains that repress transcription via similar mechanisms, one critical gap becomes apparent. In the cases of SNAPc and TFIID, mechanisms clearly exist to counteract the effects of their inhibitory domains. Specific transcriptional activator proteins have been found to bind directly to the inhibitory regions and de-repress DNA binding, thereby mediating transcriptional activation -Oct-1 binds to the C-terminal region of SNAP190 11 , and cJun bind to the N-terminal region of TAF1. 19, 20 In these models for de-repression, the activator proteins are thought to simply move the inhibitory domain out of the way to allow DNA binding. Perhaps cellular factors exist that bind to B2 RNA and Alu RNA repression domains to move them out of the DNA binding cleft of Pol II in order to de-repress transcription. Alternatively, a factor might completely dissociate B2 RNA and Alu RNA from Pol II -a factor could do so via contacting the ncRNAs themselves or the polymerase. Because in the case of Pol II the inhibitor is an RNA, it is also conceivable that an RNase could clip or degrade the ncRNAs either within inhibited complexes or from Pol II prior to its association with DNA, thereby de-repressing the polymerase. Biochemical evidence has shown that degrading B2 RNA or Alu RNA by RNase treatment in promoter-bound complexes re-activates the complexes such that transcription can occur. 5, 6 Therefore, inhibition by these ncRNAs is reversible, which is an important feature of their repression. It is clear that one or more mechanisms must be present in cells to regulate transcriptional repression by B2 and Alu RNAs such that genes such as hsp70 can be activated upon heat shock and transcription of repressed genes can resume as cells recover from heat shock. The mechanisms of de-repression for the ncRNAs, and the cellular factors involved, still await discovery.
We have focused on eukaryotic factors in drawing parallels between ncRNAs and protein domains that disrupt protein-DNA interactions; however, it is also worth mentioning prokaryotic 6S RNA because it too disrupts a protein-DNA interaction -that between E. coli RNA polymerase and promoter DNA. Bacterial RNA polymerases (RNAPs) contain a dissociable subunit that interacts with promoter DNA elements to facilitate promoter recognition and melting of the DNA to form open complexes. 26 In E. coli, 70 predominates during exponential growth. 27 As cells enter stationary phase, 6S RNA accumulates and binds 70 -RNAP to repress transcription at 70 promoters. 28 Transcriptional de-repression can occur by 6S RNA serving as a template for RNA-dependent RNA synthesis of short de novo transcripts. 29, 30 Upon synthesis of these short transcripts, the 70 subunit releases and the remaining complex between core RNAP and 6S RNA is unstable.
6S RNA is thought to repress transcription by mimicking promoter DNA, thus blocking the polymerase from binding. The 6S RNA secondary structure contains a bulge that is analogous to the conformation of melted promoter DNA, 31, 32 and indeed, in vitro studies revealed that 6S RNA blocks 70 -RNAP from binding to a promoter. 30 More recent studies suggest, however, that the interplay of 6S RNA, promoter DNA, and 70 -RNAP might be more complex. First, inhibition by 6S RNA is promoter specific -all 70 promoters are not repressed. 33 Second, the regions of 70 that interact with 6S RNA are overlapping but distinct from those that interact with promoter DNA, which might contribute to the promoter specificity observed for transcriptional repression. 34 When comparing the mechanism of transcriptional repression by 6S RNA to that of the B2 and Alu RNAs, similarities and differences emerge. The most apparent similarities are that all these ncRNAs bind directly to RNA polymerases and interfere with promoter binding. In the case of 6S RNA, it does not appear that complexes containing the ncRNA, the promoter, and the polymerase form. By contrast, in the case of B2 RNA and Alu RNA, such complexes form both in vitro and in cells. In the eukaryotic system, it is likely that interactions between Pol II and general transcription factors allow promoter-bound complexes containing inhibitory ncRNA to assemble despite the disrupted contacts between Pol II and the DNA. As discussed earlier, how transcriptional repression by B2 RNA and Alu RNA is alleviated awaits discovery. It is possible that, like 6S RNA, de-repression might involve RNA dependent RNA polymerization; extension of the 3' end of RNA by yeast Pol II has been observed. 35 Much remains to be learned about precisely how B2 RNA and Alu RNA dock to Pol II and repress transcription, and importantly, how this process is regulated. Drawing comparisons between these ncRNAs and eukaryotic inhibitory protein domains, as well as prokaryotic 6S RNA, provides insight into B2 and Alu RNAs' functions. With further study of both ncRNA and protein transcriptional regulators it will become apparent whether repressing the DNA binding activity of eukaryotic general transcription factors and polymerases is a more universal mechanism of regulation.
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